Abstract. We undertook a preliminary investigation on the population genetics of two flying squirrel species (Hylopetes fimbriatus and Petaurista petaurista albiventer) that are endemic to the northwestern Himalayan range. These species are distributed sympatrically, share similar ecological characteristics, and are confined to the Himalayan moist temperate forests ranging from 1350 to 3050 m elevation. To elucidate the genetic variability of small populations of these species, we determined the complete mitochondrial DNA control region sequence of H. fimbriatus (1109 bp) and P. petaurista albiventer (1051-1052 bp), collected at the Ayubia National Park of northern Pakistan. Haplotype and nucleotide diversities and average number of nucleotide differences among haplotypes of H. fimbriatus were similar to those of P. petaurista albiventer. However, transversional substitutions among haplotypes of H. fimbriatus were significantly greater than that of P. petaurista albiventer. This latter difference may have arisen from climatic changes during recent Pleistocene glaciations that differentially affected the distribution patterns of these two species. For instance, H. fimbriatus, which is more adaptive to colder and drier habitats, may have maintained a larger population base in the northwestern Himalayan range than P. petaurista albiventer. Alternatively, H. fimbriatus might have colonized the northwestern parts of the Himalayas earlier than P. petaurista albiventer, and may have had a longer evolutionary period to adapt to the cool mesic climate of this region.
Populations of small mammal species living in alpine regions are sometimes isolated from one another due to geographical barriers such as deep valleys and sharpcut cliffs. Consequently, significant genetic differences between isolated mountain populations are often observed (Wettstein et al. 1995; Yu 1995; Osborne et al. 2000) . In addition, for ecologically similar species occurring together in isolated alpine regions, it is plausible that populations of each species would possess similar genetic characteristics resulting from the same geographical and environmental forces acting upon them.
To evaluate this hypothesis, we assessed the mitochondrial DNA control region sequences of two alpine flying squirrel species, the small Kashmir flying squirrel Hylopetes fimbriatus and the red giant flying squirrel Petaurista petaurista albiventer, collected at the same locality in northern Pakistan. To date, control region sequences have successfully been used to evaluate the genetic structures of other squirrel populations (Barratt et al. 1999; Oshida et al. 2001) . Both H. fimbriatus, an endemic species to Kashmir and Punjab, and P. petaurista albiventer, an endemic subspecies to Pakistan (and probably Afghanistan) are distributed sympatrically in the Himalayan moist temperate forests at elevations ranging from 1350 to 3050 m (Corbet and Hill 1992; Hoffmann et al. 1993; Roberts 1997) . Thus, it is expected *To whom correspondence should be addressed. E-mail: masudary@ees.hokudai.ac.jp that significant geographical isolation might have taken place in high elevation populations of H. fimbriatus and P. petaurista albiventer.
Unlike terrestrial mammals, flying squirrels depend upon gliding locomotion using well-developed membrane structures between the forelimbs and hindlimbs. Although gliding is an effective locomotion mode in forests, it would be difficult for these species to travel across wide-open spaces of grasslands, stunted bushes, and/or craggy cliffs. Since isolated sympatric populations of alpine mammals that share specialized morphological and ecological characteristics are undoubtedly restricted by the same geographical barriers, we therefore expected that the genetic variability among intraspecific populations of both species would be similar.
Materials and methods
Twenty-two specimens of the small Kashmir flying squirrel, Hylopetes fimbriatus and twenty-four specimens of the red giant flying squirrel, Petaurista petaurista albiventer were collected within a 5-6 km 2 area of the Ayubia National Park (33°54'N, 73°22'E), northern Pakistan, from December 1998 to March 2002. All specimens were captured in the Himalayan moist temperate forests composed mainly of Acer caesium, Pinus wallichiana, Populus ciliata, Quercus dilatata, and Taxus baccata, at elevations ranging from 2439 to 2591 m. For each specimen, genomic DNA was extracted from liver or muscle samples following the phenol/proteinase K/sodium dodecyl sulfate method (Sambrook et al. 1989) .
Complete sequences (1109 bp for H. fimbriatus and 1050-1051 bp for P. petaurista albiventer) of the mitochondrial control region were amplified with polymerase chain reaction (PCR), using the primer set (L15933: 5'-CTCTGGTCTTGTAAACCAAAAATG-3' and H637: 5'-AGGACCAAACCTTTGTGTTTATG-3') reported by Oshida et al. (2001) . Primers were named based on their specificity to either the light (L) or heavy (H) strand, with associated numbers referring to the 3' position of the primer within the complete human mitochondrial DNA sequence (Anderson et al. 1981) . Each 50 mL of reaction mixture contained 100 ng of genomic DNA, 25 picomoles of each primer, 200 mM dNTPs, 10 mM TrisHCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , and 2.5 units of rTaq DNA polymerase (Takara). Amplification was carried out for 35 cycles as follows; 94°C at 1 min for denaturation, 50°C at 1 min for annealing, and 72°C at 2 min for extension. Following this procedure, a final extension reaction was performed at 72°C for 10 min. The PCR product was purified using the PCR Clean Up-M kit (Viogen, Taiwan), and directly sequenced using an automated DNA sequencer (ABI PRISM 377-96 Sequencer or an ABI PRISM 3100 Genetic Analyzer Applied Biosystem, CA, USA). For sequencing, we utilized two newly designed PCR primers and two complementary primers, L-D1Hf1 (5'-TATTCCTGAAAC-TTTAACTGGC-3') for H. fimbriatus and L-D1PL2 (5'-TATTAGTCAATATTCCCGTCTAGC-3') for P. petaurista albiventer. The purification and sequencing of PCR products were conducted by Mission Biotech Co. Ltd. (Taipei, Taiwan).
Nucleotide sequences were aligned using DNASIS (Hitachi). Pairwise distances between haplotypes were corrected with Kimura's two-parameter (K2P) model (Kimura 1980) . Unrooted trees were constructed via the neighbor-joining (NJ) analysis (Saitou and Nei 1987) of PAUP * version 4.0b10 (Swofford 2001 ) and phylogenetic relationships between haplotypes inferred. The robustness of branching patterns was evaluated using 5000 bootstrap replications (Felsenstein 1985) . Estimates of genetic variability for each species were calculated with DnaSP version 3.51 (Rozas and Rozas 2000) . The variations within populations were expressed as haplotype diversity (H), nucleotide diversity (p) (Nei 1987) , number of segregating sites (S), and average number of nucleotide differences (K) among haplotypes. For all sequence analyses, gap-sites that were introduced in the consensus sequence alignment were excluded.
Results
Among the 22 H. fimbriatus specimens collected, 16 haplotypes of the complete control region sequence (1109 bases) were identified (Appendix 1). In the consensus sequence alignment, two gap-sites were observed. There were 70 segregating sites: transitions at 38 sites, transversions at 28 sites, and both transitions and transversions at four sites. Pairwise divergences corrected with the K2P model between haplotypes ranged from 0.09 to 3.71% (1.53% on average). Haplotype and nucleotide diversities were 0.96 and 0.013%, respectively (Table 1) .
Among 24 collected specimens of P. petaurista albiventer, 15 haplotypes of the complete control region sequences (1050-1051 bases) were identified (Appendix 2). In the resulting consensus sequence alignment, five gap-sites were present. A total of 77 segregating sites (transitions at 63 sites, transversions at 12 sites, and both transitions and transversions at two sites) were documented. Pairwise divergences corrected with the K2P model between haplotypes ranged from 0.10 to 9.56%, and averaged 2.28%. Haplotype and nucleotide diversities were calculated as 0.94 and 0.012%, respectively ( Table 1) .
The numbers of transitions and transversions for haplotypes of both species were plotted against K2P distances to assess the saturation of control region sequences (Fig. 1) . Among haplotypes, both transitions and transversions increased linearly with increasing evolutionary distance for each species. Within the mitochondrial control region, more transversions were detected among haplotypes of H. fimbriatus than haplotypes of P. petaurista albiventer. In the examination of the P. petaurista albiventer, haplotype PA8 was excluded, because genetic distances between this haplotype and other haplotypes were too great to compare with H. fimbriatus. However, when the PA8 haplotype was included in this examination, the relationship was still similar to that presented in Fig. 1 (data not shown) .
In our neighbor-joining analysis, three distinct phylogroups were obvious for H. fimbriatus: group HFI consisting of HF3, HF4, HF5, HF10, HF11 and HF13, group HFII consisting of HF1, HF2, HF7, HF9, HF12, HF14, HF15 and HF16, and group HFIII consisting of HF6 and HF8 (Fig. 2a) . Bootstrap support values associated with each cluster were high (96-100%). For P. petaurista albiventer, two primary clusters were detected (Fig. 2b) . One cluster consisted of haplotypes PA8 and PA10 grouped together with 100% bootstrap support (group PAIV), while the second cluster possessed the remaining 13 haplotypes assembled into three groups: group PAI consisting of haplotypes PA1, PA3, PA5, PA6, PA9, PA13, PA14 and PA15, group PAII consisting of haplotypes PA2 and PA12, and group PAIII consisting of haplotypes PA7 and PA11. Groups PAI and PAII were associated with nodal supports of 96% and 98%, respectively, while group PAIII was supported with a bootstrap value of 87% (Fig. 2b) . While the relationships among groups PAI, PAII and PAIII were unclear due to the low nodal support (63%), these haplotypes were distantly related to both haplotypes of group PAIV.
Discussion
In unrooted neighbor-joining trees (Fig. 2) , three phylogroups of H. fimbriatus were observed with 96-100% bootstrap support, while four phylogroups of P. petaurista albiventer were identified with 87-100% bootstrap support. Notably, groups HFI and HFII of H. fimbriatus and groups PAI and PAII of P. petaurista albiventer contained more than five specimens each, suggesting that these phylogroups are representative of the local population. In P. petaurista albiventer, group PAIV was notably distinct from the other haplotypes. The coexistence of distinct phylogroups in Ayubia National Park suggests gene flow might have occurred between isolated populations sometime after both species had undergone effective isolation arising from geographical factors. As predicted, the haplotype and nucleotide diversities of H. fimbriatus were similar to those of P. petaurista albiventer (Table 1) . This finding suggests both species might have been influenced by the same geographical and environmental constraints. However, the number of transversions of H. fimbriatus was significantly greater than that of P. petaurista albiventer (Fig. 1) . It is thus necessary to consider the potential factors that lead to the higher rate of transversions in the mitochondrial genomes of H. fimbriatus compared those of P. petaurista albiventer. At present, both species occur sympatrically in the northwestern Himalayan range. However, the historical biogeography of the two species may have been different. For instance, H. fimbriatus is also distributed in spruce forests of northern Pakistan where P. petaurista albiventer does not occur. Roberts (1997) observed that in the mountainous area of northern Pakistan, H. fimbriatus appears to be more adaptable than P. petaurista albiventer to living in more northerly mesic regions where the forest is predominantly coniferous. Consequently, H. fimbriatus is the most common species of squirrel in the Himalayan forests. The Northern Hemisphere has experienced drastic climate changes during the Pleistocene (e.g. Lowe and Walker 1984; Cox and Moore 2000) , and these climatic changes may have differentially affected the distribution patterns of these two flying squirrel species. For instance, both H. fimbriatus and P. petaurista albiventer may have repeatedly passed through population bottlenecks during the Pleistocene glaciation epochs. However, H. fimbriatus, being more adaptive to colder and drier regions, may have been able to maintain larger population numbers than P. petaurista albiventer.
Alternatively, the accumulation of more transversional substitutions among haplotypes of H. fimbriatus may have arisen from a longer evolutionary history for this group. Unfortunately, the phylogenetic position of H. fimbriatus is still controversial. We treated this flying squirrel as Hylopetes fimbriatus, according to the classification of Corbet and Hill (1992) and Hoffmann et al. (1993) . However, Howell (1915) and McKenna (1962) placed this species into the monotypic genus Eoglaucomys, and suggested that this genus is closely related to the New World genus Glaucomys. Additionally, Thorington et al. (1996) proposed that Eoglaucomys (H. fimbriatus) should be partitioned from Hylopetes based on an elaborate morphological examination of bacula, foot pads, musculature and crania. In support of this hypothesis, it was recently suggested that H. fimbriatus is distinct from other genera of flying squirrels, including the genus Hylopetes, based upon a large-scale molecular phylogenetic study of the family Sciuridae (Mercer and Roth 2003) . Thus, if H. fimbriatus is phylogenetically distinct from other species of flying squirrels, this species might have originated early in the radiation of flying squirrels (see Oshida et al. 2000) . Conversely, P. petaurista albiventer being a subspecific form the polytypic genera Petaurista would have arisen more recently than H. fimbriatus (i.e. sometime after the early radiation of flying squirrel genera). Therefore, H. fimbriatus might have colonized the northwestern Himalayas earlier than P. petaurista albiventer. This early colonization by H. fimbriatus may have provided more time for this species to adapt to the cold and dry environments of the region.
In the present study, due to difficulty in capturing flying squirrels, we could not compare the genetic variability of the populations from Ayubia National Park with that of populations from different regions in the northwestern Himalayan range. In further studies on the genetic diversity of both flying squirrel species, it will be necessary to examine specimens from different mountainous regions in Pakistan. While several studies on the ecological characteristics of these two species of Pakistani flying squirrels have been completed (Ellerman 1961; Prater 1965; Gurung and Singh 1996; Roberts 1997; Zahler and Woods 1997) , their biological traits are still unclear. To successfully elucidate the phylogeographical history of these two species, additional ecological investigations are clearly required.
